The roughness of glacier surfaces is an important factor governing surface albedo and turbulent heat transfer.
Introduction
The roughness of ice surfaces is an important control on air-ice heat transfer, on the ice surface albedo, and thus on the surface energy balance (Greuell and Smeets, 2001; Hock and Holmgren, 2005; Irvine-Fynn et al., 2014) The snow and ice surface roughness at centimeter and millimeter scales is also an important parameter in studies of wind transport, snowdrifts, snowfall, snow grain size, and ice surface melt (Bruce and Smeets, 2000; Brock et al., 2006; McClung and Schaerer, 2006; Fassnacht et al., 2009a; Fassnacht et al., 2009b) . Radar sensor signals, such as SAR (Oveisgharan and Zebker, 2007) , was covered with cryoconite. Four control points and three check points are shown on frame. (c) Manual observation plot; dense point cloud viewed from above; ice surface was covered with cryoconite. Four control points and four check points shown on wooden frame.
Data processing 130
Both manual and automatic photographs were imported into a software program, Agisoft Photoscan Professional 1.4.0. This software allowed us to estimate camera intrinsic parameters, camera positions, and scene geometry. Agisoft Photoscan Professional is a commercial package which implements all stages of photogrammetric processing. It has previously been used to generate three-dimensional point clouds and digital elevation models of ice surfaces and braided meltwater rivers 135 (Javernick et al., 2014; Smith et al., 2016) .
After new snowfall, it was difficult to match feature points in the photo sets. Three days of automatic data could not be processed. We estimated z0 data for the missing days based on data from snowfall days at the automatic site.
Roughness calculation
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Methods for measuring roughness at plot-scale were first developed by soil scientists (Dong et al., 1992; Smith, 2014) .
Metrics such as the random roughness (RR) or root mean square height deviation (σ), the sum of the absolute slopes (ΣS), the microrelief index (MI), and the peak frequency (the number of elevation peaks per unit transect length) were used. Later these roughness indices were used to describe snow or ice surface roughness (Rees and Arnold, 2006; Fassnacht et al., 145 2009b; Irvine-Fynn et al., 2014) .
Current photogrammetry methods produce high-resolution three-dimensional topographic data. Earlier two-dimensional profile-based methods for estimating surface roughness discard much of the potentially useful three-dimensional topographic data (Passalacqua et al., 2015 )(Passalacqua et al. 2015 . Smith et al.(2016) were able to use equation (1), developed by Lettau (1969) , to make better use of the topographic data, using multiple point clouds and digital elevation models (DEM).
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In this method, z0 is quantified as:
where:
155 h * represents the effective obstacle height (m) and is calculated as the average vertical extent of micro-topographic variations;
s is the silhouette area facing upwind (m 2 );
S is the unit ground area occupied by micro-topographic obstacles (m 2 ); and 0.5 is an averaged drag coefficient. A profile-based roughness measure can be calculated based on a simplified Lettau equation (see 1 above) by assuming that h* can equal twice the standard deviation of elevations in the de-trended profile, with the profile's mean elevation set to 0 meter. The aerodynamic roughness length for a given profile then becomes
where f is the number of up-crossings above the mean elevation in profile i;
X is the length (m) of profile I;
and σ is the standard derivation of elevations of profile i.
170 Smith et al. (2016) found that there was little difference between the DEM-based z0 values and values calculated from profiles if the results were averaged over all cardinal wind directions. In this study, we used a DEM-based average z0 of four cardinal wind directions to represent overall surface roughness.
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Snow and ice surface energy balance calculation
The temporal variation of z0 at the automatic site was studied from energy balance perspective. The surface heat balance of a melting glacier is given by:
where QM is the heat flux of melting;
Qis is the incoming shortwave radiation;
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Qos is the outgoing shortwave radiation;
QL is the net longwave radiation;
QE is the latent heat flux; QH is the sensible heat flux;
and QP is the heat from rain.
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QE and QH were calculated using a bulk aerodynamic approach, as described in Oke (1987) . The heat from rain is given by ρw is the density of water(1000 kg m -3 );
CW is the specific heat of water (4187.6 J kg -1 K -1 );
TW is the wet-bulb temperature(K);
and Pr is the rainfall intensity (mm).
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In order to calculate Pr, we used the air temperatures recorded at the AWS. There is an elevation difference between the study site (4700 m) and the AWS (4790m); recorded air temperatures were corrected to account for the elevation difference, assuming a lapse rate of -7 ℃ Km -1 . Wind speed and relative humidity at the study sites were assumed to be equal to those observed at the AWS, as measurements taken by the AWS are broadly representative of the whole ice cap. 205 3. Results
Photogrammetry precision
We used seventeen control points and check points to analyze the horizontal and vertical accuracy of our automatic 210 photogrammetry, and thirty-one pairs for our manual photogrammetry. Automatic photogrammetry: average point density of the final plot point clouds was >1,000,000 points m -2 . DEMs of 0.1mm resolution were generated at plot scale. The average geo-reference errors were less than 1 millimeter (see Tables 1 and 2) . Total RMSE of the automatic control points was 3.0 mm, for check points 3.62mm. Vertical error for control points was 3.58mm, and 4.83mm for check points (Tables 1 and 2) . of 4 control points is 1.78 mm (Table 1) . Control points vertical accuracy of manual photogrammetry is about 1.65 mm.
Total RMSE of manual photogrammetry check points is 0.99 mm, vertical accuracy is 0.66mm (see Tables 1 and 2) . Note that the control and check point errors are larger for the automatic measurements than for the manual ones. We believe that this is the case because, rather than using static f-stop and exposure times (as in automatic photogrammetry) researchers engaged in manual photogrammetry could adjust exposure time based on ice surface conditions. This allowed production of 225 better quality photos even on cloudy or foggy days. (See Figures 3 and 4) . However, even automatic measurements satisfied the requirement outlined by Rees and Arnold (2006) that millimeter vertical accuracy was required and would suffice to calculate surface roughness (z0). Data for ice surface roughness was collected by the automatic photogrammetry camera site from July 12 to September 15, a period covered the whole melting season. Profile and DEM data show that z0 was highly variable over the study period ( Figure 5 ). The profile data shows a z0 varying from 0.05 mm to 2.74mm (mean: 0.45 mm). The DEM data shows a z0 varying from 0.02mm to 2.56 mm (mean: 0.51 mm).
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o At the start of the observation period snow covered the study site.
o As the snow melted, glacier surface z0 increased (save during periods of intermittent snowfall, when z0 dropped to ~0.1mm).
o On July 21, cryoconite appeared on patches of snow-crust, which led to patchy melt.
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o From July 21 to 24, overall z0 increased from 0.1mm to 1.6mm.
o By July 29, snow had disappeared from the study site; z0 fluctuated but trended lower.
o From July 29 to August 5 bare ice covered whole field of view; z0 ranged from 0.18 to 0.56mm.
o From August 6 to September 3 there was intermittent snowfall followed by melting; z0 ranged from 0.1 to 1.0mm.
o From September 4 to September 14 z0 showed an overall increase, reaching a maximum of 2.5 mm on September 8.
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There was intermittent snowfall during this period, which temporarily reduced z0. Z0 then increased thanks to patchy micro-scale melting.
o After September 14, snow covered the whole surface of the glacier. There was no melting and little fluctuation in z0. 
Latent heat
Latent heat was generally small throughout the study period. Daily mean of latent heat varied from -80.1 to 11.1 W m -2 (mean: -13.2 W m -2 ). It account for a mere 0.9% for the total incoming flux. It was negative from July 11 to 26 when the ice 335 surface was snow covered. After July 26 the latent heat was mainly positive in the following ten days (ice surface was pure ice or partially snow covered). From August 6 to the end of the study period (September 15) it was predominantly negative.
Energy from rainfall 340
From July 25 to August 5 rainfall energy varied from 0 to 11.7 W m -2 (mean: 0.3W m -2 ). Rainfall accounted for a mere 0.2% of total incoming flux. One event accounted for much of the total: on July 28 a 31mm rainfall event added a flux of 11.7 W m -2 , which resulted in visible smoothing of the ice surface (Figure 8 ). Based on the previously listed measurements of energy fluxes we calculated the probable surface ablation at the automatic photogrammetry site. We took into account observed net radiation, calculated turbulent heat fluxes, and heat from rainfall.
Surface ablation modeled versus observed
There was good agreement between the model and observed results (Figure 9 ). This suggests that our calculation of turbulent heat based on observed z0, as entered in the model, matches the observed ablation. Such indirect observations could be useful 350 in modeling the ablation process at other glacier study sites. We also found that the modeled mass balance did not match measurement results obtained on days with mixed snow and rain. It is likely that z0 was more than usually variable at those times. Measurements on a finer temporal scale might be needed for calculation of turbulent heat fluxes. Figure 10 shows the relationship between observed z0 and the main energy flows. These scatter diagrams showed no significant relationship between z0 and net shortwave radiation, longwave radiation, and sensible heat (Figure 10a, 10b, 10c ).
Graphing z0 vs. latent heat showed a significant negative exponential relationship (Figure 9d , r= -0.61, P=0.0001<0.001).
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When latent heat is higher, as it is during the melting seas, z0 decreases.
